Chemoreceptor (type I) cells of the rodent carotid body (CB) synthesize and release several neurotransmitters/neuromodulators, including 5-hydroxytryptamine (5-HT), implicated in enhanced CB excitation after exposure to chronic intermittent hypoxia, e.g. sleep apnoea. However, recent studies suggest that 5-HT can robustly stimulate adjacent glial-like type II cells via ketanserin- Given that intracellular Ca 2+ chelation was previously shown to block receptor-mediated Panx-1 current activation in type II cells, these data suggest that CB neuromodulators use overlapping, but not necessarily identical, signalling pathways to activate Panx-1 channels and release ATP, a CB excitatory neurotransmitter. In conclusion, these studies provide new mechanistic insight into 5-HT signalling in the CB that has pathophysiological relevance.
INTRODUCTION
The mammalian carotid bodies (CBs) are sensory organs that play a key role in the maintenance of O 2 and CO 2 /H + homeostasis via the initiation of respiratory and cardiovascular reflexes (Gonzalez, Almaraz, Obeso, & Rigual, 1994; Kumar & Prabhakar, 2012) . The purines ATP and adenosine are among a broad spectrum of neurotransmitters/neuromodulators that mediate the increase in afferent discharge during exposure to low O 2 (hypoxia) and elevated CO 2 /H + (hypercapnic acidosis) (Conde, Monteiro, & Sacramento, 2017; Nurse, 2014) . Several pathophysiological conditions, including sleep apnoea, c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society heart failure and obesity, are associated with CB dysfunction, leading to hyperactivity in the sympathetic nervous system and hypertension (Conde et al., 2014; Iturriaga, Del Rio, Idiaquez, & Somers, 2016; Kumar & Prabhakar, 2012; Prabhakar, Peng, Kumar, & Nanduri, 2015; Schultz et al., 2015) . The mechanisms underlying CB dysfunction in such conditions are incompletely understood, although plasticity changes in the neurochemical and physiological properties of chemoreceptor (type I) cells are thought to play major roles (Iturriaga & Alcayaga, 2004; Kumar & Prabhakar, 2012; Nurse, 2014; Prabhakar et al., 2015) .
For example, in sleep apnoea, in which subjects experience bouts of chronic intermittent hypoxia, the resulting autonomic imbalances are attributable, at least in part, to long-term facilitation of the CB sensory discharge (Peng et al., 2009; Prabhakar, 2011) . Moreover, the neurotransmitter 5-hydroxytryptamine (5-HT), which is synthesized, stored and released from type I cells (Gronblad, Liesi, & Rechardt, 1983; Liu et al., 2011; Oomori et al., 1994; Yokoyama, Misuzu, & Yamamoto, 2013; , is thought to play a crucial role in long-term facilitation via interactions with ketanserin-sensitive 5-HT 2 receptors in the CB (Jacono, Peng, Kumar, & Prabhakar, 2005; Kirby & McQueen, 1984; Yokoyama, Nakamuta, Kusakabe, & Yamamoto, 2015; Zhang, Fearon, Zhong, & Nurse, 2003) . Increased plasma concentrations of 5-HT are also associated with obesity and insulin resistance (Crane et al., 2015) , further underscoring the need for a mechanistic understanding of its functions in the CB, perhaps the body's most richly vascularized organ with ready access to circulatory factors (Gonzalez et al., 1994; Kumar & Prabhakar, 2012) .
Traditionally, 5-HT2Rs in the CB were thought to be localized predominantly on type I cells, which typically occur in cell clusters infiltrated by fenestrated capillaries (Jacono et al., 2005; Kirby & McQueen, 1984; Yokoyama et al., 2015; Zhang et al., 2003) . However, recent evidence suggests that 5-HT2Rs may also be located on gliallike type II cells (Murali, Zhang, & Nurse, 2017) , which are intimately associated with type I clusters. In fact, intracellular Ca 2+ responses in type II cells could be elicited by nanomolar concentrations of 5-HT, and were surprisingly more frequent and more robust compared with responses in neighbouring type I cells (Murali et al., 2017) , which often failed to respond to 5-HT (Gronblad et al., 1983; Liu et al., 2011; Murali et al., 2017; Oomori et al., 1994; Yokoyama et al., 2013; . Stimulation of 5-HT2Rs and other G-protein-coupled receptors, including purinergic P2Y2Rs, on type II cells leads to activation of ATP-permeable channels with properties similar to pannexin-1 (Panx-1) channels (Murali et al., 2017; Murali, Zhang, & Nurse, 2014 Tse, Yan, Lee, & Tse, 2012; Xu, Tse, & Tse, 2003; Zhang et al., 2012) .
These pathways have been proposed as alternative routes for boosting levels of the excitatory neurotransmitter ATP at the CB sensory synapse (Leonard, Salman, & Nurse, 2018; Nurse, 2014; Nurse & Piskuric, 2013; Tse et al., 2012; Zhang, Piskuric, Vollmer, & Nurse, 2012) .
In both the central and peripheral nervous systems, the regulation of Panx-1 channels by neurotransmitters is incompletely understood (Barbe, Monyer, & Bruzzone, 2006; Dahl, 2015; Penuela, Simek, & Thompson, 2014; Weilinger, Tang, & Thompson, 2012) .
To learn more about the signalling pathways leading to neurotransmitter/neuromodulator activation of Panx-1 channels and ATP release in type II cells, we investigated the role of protein kinases during stimulation of 5-HT2Rs and, to a lesser extent, P2Y2Rs.
Given that the proposed regulators of Panx-1 include Src family kinase (SFK), protein kinase C (PKC) and protein kinase A (PKA) (Barbe et al., 2006; Dahl, 2015; Penuela et al., 2014; Weilinger et al., 2012) , we used pharmacological tools to probe the potential involvement of these kinases. Finally, using fura-2 spectrofluorimetry, we investigated whether these kinases acted upstream or downstream of the 5-HT-induced Ca 2+ rise, which was previously shown to be necessary for Panx-1 channel activation in type II cells (Murali et al., 2017 • What is the main finding and its importance? 
METHODS

Ethical approval
Procedures for animal handling and tissue removal followed the 
Carotid body cultures
Carotid body cultures were prepared as described in previous studies (Zhang et al., 2012; Zhang, Zhong, Vollmer, & Nurse, 2000) . Briefly, 9-to 14-day-old rat pups (Wistar; Charles River Laboratories, Montreal, QC, Canada) were rendered unconscious by a blow to the back of the head and decapitated immediately. The CBs were removed from the carotid bifurcations, isolated, cleaned of surrounding tissue, and then incubated in a physiological salt solution containing 0.1% trypsin (Sigma-Aldrich, Oakville, ON, Canada) and 0.1% collagenase (Gibco, Grand Island, NY, USA) for 1 h. The tissue was dissociated and triturated 150 times and the cells were plated onto modified tissue culture dishes precoated with a thin layer of Matrigel (BD Biosciences, Mississauga, ON, Canada). Cell cultures were incubated at 37 • C in a humidified atmosphere of 95% air-5% CO 2 for periods of 2-7 days.
The growth medium consisted of F-12 nutrient medium supplemented with 1% penicillin-streptomycin, 1% glutamine, 0.3% glucose, 3 g ml −1 insulin and serum additives as described previously (Murali et al., 2014; Zhang et al., 2012) . The Ca 2+ imaging experiments were performed on 2-day-old cultures, whereas patch-clamp experiments were done on 5-to 7-day-old cultures to optimize recording conditions (Zhang et al., 2012) .
Perforated-patch, whole-cell recordings from type II cells
As in previous studies (Zhang et al., , 2012 , the nystatin perforated-patch technique was used to record whole-cell currents from type II cells. Cultures were perfused with bicarbonate-buffered saline (BBS) that was preheated to ∼35 • C. The BBS contained (mM): NaHCO 3 , 24; NaCl, 115; KCl, 5; CaCl 2 , 2; MgCl 2 , 1; glucose, 10; and sucrose, 12; the pH was maintained at ∼7.4 by bubbling with a 5% CO 2 -95% air mixture. The pipette solution contained (mM): potassium gluconate, 115; KCl, 25; NaCl, 5; CaCl 2 , 1; Hepes, 10; and nystatin 200 g ml −1 at pH 7.2. Rapid application of 5-HT and antagonists to the cells was achieved using a 'fast perfusion' system as previously described (Zhang et al., , 2003 (Zhang et al., , 2012 . Kinase antagonists were perfused for 2 min before stimulation with 5-HT or UTP. Voltage-clamp data were obtained using a MultiClamp 700A patch-clamp amplifier and a Digidata 1322A analog-to-digital converter (Axon Instruments Inc., Union City, CA, USA); data were stored on a personal computer.
Data acquisition and analysis were performed using pCLAMP software (version 9.0; Axon Instruments Inc.).
Fura-2 measurements of intracellular Ca 2+
Intracellular Ca 2+ concentrations ([Ca 2+ ] i ) were determined from fura-2 measurements obtained from both type I and type II cells as in previous studies (Murali et al., 2014; Zhang et al., 2012) . Briefly, cells were incubated with 2.5 M fura-2 AM diluted in a physiological bicarbonate-buffered solution for 30-40 min at 37 • C.
Cells were washed for ∼10 min before measurements. Cells were imaged using a Nikon Eclipse TE2000-U inverted microscope (Nikon, Mississauga, ON, Canada) equipped with a Lambda DG-4 ultra-highspeed wavelength changer (Sutter Instrument Co., Novato, CA, USA), a Hamamatsu OCRCA-ET digital CCD camera (Hamamatsu, Sewickley, PA, USA) and a Nikon S-Fluor ×40 oil-immersion objective lens with a numerical aperture of 1.3. The extracellular perfusate was maintained at ∼35 • C and contained (mM): NaHCO 3 , 24; NaCl, 115; glucose, 5; KCl, 5; CaCl 2 , 2; and MgCl 2 , 1 at pH ∼7.4, maintained by bubbling with a 5% CO 2 -95% air mixture. Images were acquired every 2 s at 340 and 380 nm excitation (510 nm emission). Pseudocolour ratiometric data were obtained using Simple PCI software version 5.3 (Hamamatsu, Sewickley, PA, USA). Instrument calibration and calculations of intracellular free [Ca 2+ ] were performed as previously described Zhang et al., 2012) .
Statistics
For multiple comparisons of peak ionic currents and [Ca 2+ ] i measurements, one-way repeated-measures ANOVA and Tukey's post hoc tests (for non-parametric data) were used to determine significance. In all cases, the level of significance was set at P < 0.05 and data were presented as means ± SD.
Reagents and drugs
The following reagents and drugs were obtained from Sigma-Aldrich (Oakville, ON, Canada): UTP, 5-HT, PP2, PP3, H89 and GF109203X.
RESULTS
The voltage-clamp studies described below were performed on isolated 'solitary' type II cells, identified by their characteristic elongated morphology and sensitivity to ATP/UTP (Xu et al., 2003; Zhang et al., 2012) . In previous studies, many of those cells were shown also to be sensitive to 5-HT (Murali et al., 2017 (Xu et al., 2003; Zhang et al., 2012) . In voltage-clamp experiments, 'n' represents the number of sampled cells, whereas in the fura-2 experiments, 'n' refers to the number of culture dishes sampled where, typically, between seven and 20 cells were sampled per dish.
Role of Src family kinase in the activation of the pannexin-1-like current in type II cells
Similar to previous studies (Murali et al., 2017) We first tested whether this current was sensitive to blockers of sarcoma (Src) family kinases (SFKs), because links between SFK and Panx-1 channel activation have been demonstrated in rodent hippocampal brain slices (Weilinger et al., 2012) , and venous endothelium (Lohman et al., 2015) . Indeed, as illustrated in Figure 1a , the 5-HT-induced inward current was reversibly inhibited by the SFK blocker PP2 (1 M; Weilinger et al., 2012) , whereas its inactive analogue, PP3 (1 M), had no significant effect. The results from several similar experiments are summarized in Figure 1b . These data indicate that, in contrast to PP3, PP2 almost completely inhibited the inward current activated by 5-HT (current inhibition by ∼94%; n = 4, P < 0.001), and the effect was completely reversible. Taken together, these data are consistent with a role of SFK in Panx-1 activation by 5-HT in type II cells.
Contrasting roles of PKA and PKC in 5-HT-versus UTP-induced activation of pannexin-1-like currents in type II cells
Although the role of other protein kinases in the regulation of Panx-1 channels is poorly understood, several predicted phosphorylation sites have been identified in pannexin sequences, including sites for PKC and PKA (Barbe et al., 2006; Dahl, 2015; Penuela et al., 2014) .
In previous studies, the 5-HT-activated inward current in type II cells was reversibly inhibited by the 5-HT2R blocker, ketanserin (Murali et al., 2017) . Given that 5-HT2Rs typically couple to PKC signalling via the G q-Phospholipase C (PLC)-IP 3 pathway, we next tested the effects of PKC inhibition. Surprisingly, the PKC blocker GF109203X Pooled data from several experiments are summarized in Figure 2b1 for GF109203X (n = 5; P > 0.05) and in Figure 2b2 for H89 (current inhibited by ∼95%; n = 10, P < 0.001).
Purinergic P2Y2 receptors also couple to Gq proteins, resulting in activation PLC and PKC pathways (von Kugelgen & Wetter, 2000) .
Given that stimulation of P2Y2 receptors with ATP or UTP also leads to activation of a Panx-1-like current in type II cells (Murali et al., 2017; Zhang et al., 2012) , it was of interest to compare the effects PKC and PKA blockers on the P2Y2R signalling pathway. In contrast to the almost complete blockade of the 5-HT-activated inward current (Figure 2a2 ), the UTP-activated inward current was only inhibited in part by the PKA blocker H89, even at a twofold higher concentration (2 M; Figure 3a1 ). Furthermore, the PKC blocker GF109203X (2 M) that was ineffective on the 5-HT-activated inward current (Figure 2a1 ), also partly inhibited the UTP-activated inward current (Figure 3a2 ; same cell as Figure 3a1 ). Data summarizing the effects of H89 and GF109203X on the UTP-activated inward current are shown for several type II cells in Figures 3b1 (n = 5; P < 0.001) and b2 (n = 4; P < 0.001), respectively. These blockers were about equally effective in inhibiting the UTP-activated inward current by ∼60%.
Effects of kinase blockers on the 5-HT-induced Ca 2+ transients in type II cells
In most cases, 5HT2R activation leads to an increase in [Ca 2+ ] i from an intracellular source via the G q-PLC-IP 3 signalling pathway (Liu et al., 2011; Peng et al., 2009 Xu et al., 2003) . As exemplified in Figure 4a , 
DISCUSSION
In this study, we obtained evidence for the involvement of several that appears necessary for the activation of ATP-permeable Panx-1 channels (Murali et al., 2017) . ATP is a key excitatory sensory neurotransmitter in the CB, and although type I cells are generally presumed to be the major source of ATP during chemotransduction (Buttigieg & Nurse, 2004; Conde et al., 2017; Conde, Monteiro, Rigual, Obeso, & Gonzalez, 2012; Leonard et al., 2018; Nurse, 2014; Nurse & Piskuric, 2013; , type II cells might provide an alternative pathway for boosting synaptic ATP concentrations and therefore increase the safety factor for purinergic transmission (Leonard et al., 2018; Nurse, 2014; Nurse & Piskuric, 2013; Tse et al., 2012; Zhang et al., 2012) . We found that inhibitors of SFK and PKA, but not PKC, reversibly blocked Panx-1-like currents activated by 5-HT in type II cells. However, these blockers had no effect on the 5-HT-induced intracellular Ca 2+ transients, suggesting that the corresponding kinases acted downstream of the Ca 2+ increase. We also found that when the Panx-1-like currents were activated by UTP, and GF109203X (n = 4; b2) are shown in the histograms; each drug caused ∼60% inhibition of the UTP-induced inward current. *** P < 0.001 acting via P2Y2Rs on type II cells (Xu et al., 2003) , the SKF blocker had similar efficacy. However, both PKA and PKC blockers caused only partial inhibition (∼60% in each case) of the UTP-activated Panx-1-like current in type II cells.
Significance of the present findings for the role of phosphorylation in the neurochemical modulation of pannexin-1 channels
Evidence supporting the presence of functional Panx-1 channels in type II cells can be summarized as follows: (i) several CB neuromodulators, including ATP, angiotensin II and 5-HT, activate an inward current that is reversibly inhibited by Panx-1 blockers, e.g. low doses of carbenoxolone (5 M) or by 10 Panx mimetic peptide (Murali et al., 2014 (Murali et al., , 2015 (Murali et al., , 2017 Zhang et al., 2012) ; (ii) Panx-1 immunoreactivity has been detected in Glial fibrillary acidic protein (GFAP)-positive type II cells in dissociated CB cell cultures or tissue sections of rat CB in situ (Zhang et al., 2012) ; and (iii) stimulated type II cells release ATP via carbenoxonlone-sensitive channels when situated near P2X2/3-expressing petrosal neurons as biosensors (Zhang et al., 2012) or near type I cells that respond to adenosine derived from ATP breakdown by ectonucleotidases (Murali & Nurse, 2016) . Taken together, these findings are consistent with the role of Panx-1 channels as conduits for ATP release (Dahl, 2015; Huang et al., 2007; Locovei, Wang, & Dahl, 2006) . Although it is recognized that pharmacological agents are not totally reliable tools for distinguishing Panx-1 channels from gap junctional connexin hemichannels (Lohman & Isakson, 2014) , to our knowledge there is no evidence supporting the presence of connexins in type II cells.
In concert with previous studies demonstrating a role for SKFs in the link between the glutamate NMDA receptor and the Panx-1 channel in the hippocampus (Weilinger et al., 2012) , we found evidence In other relevant studies, stimulation of vascular endothelial cells with tumour necrosis factor-caused an SFK-dependent tyrosine phosphorylation of Panx-1 at Y198 and an increase in SFK activity (Lohman et al., 2015) .
Panx-1 channel sequences contain several tyrosine, serine and threonine predicted phosphorylation sites and putative recognition sites for PKC and PKA; however, the role of these protein kinases pathway (Barnes & Sharp, 1999; Hoyer, Hannon, & Martin, 2002; Peng et al., 2009) . Moreover, previous studies demonstrated that 5-HT2Rs present on neighbouring chemoreceptor type I cells do indeed signal via PKC. For example, the 5-HT-induced depolarization seen in some type I cells was mimicked by activators of PKC and prevented by inhibitors of PKC (Zhang et al., 2003) . In addition, the 5-HT-evoked long-term facilitation of the CB sensory discharge was previously shown to occur via 5-HT2Rs linked to PKC activation and was abolished by PKC inhibitors (Peng, Yuan, Jacono, Kumar, & Prabhakar, 2006 (Liu et al., 2011; Peng et al., 2006 Peng et al., , 2009 Zhang et al., 2003) . It should be noted, however, that although H89 (1 M) is commonly used as a selective PKA blocker, the potential for non-specific effects requires that the purported involvement of PKA be interpreted with caution. For example, H89 has been reported to inhibit other protein kinases, including members of the Rho-dependent protein kinase family and isoforms of protein kinase B (Bain et al., 2007) .
Conclusions
The main finding in the present study is that the Ca 2+ -dependent 5-HT-5-HT2R signalling pathway that leads to Panx-1 channel activation in type II cells (Murali et al., 2017) (Barbe et al., 2006; Penuela et al., 2014; Weilinger et al., 2012) . However, we uncovered different roles for PKA and PKC in Panx-1 channel activation when type II cells were stimulated with 5-HT2R versus P2Y2R agonists. It remains to be determined whether any of the putative recognition sites for PKA and PKC (Barbe et al., 2006; Dahl, 2015; Penuela et al., 2014) , can couple 5-HT2Rs and P2Y2Rs to Panx-1 channels.
In conclusion, the present study has provided new mechanistic insight into the complex 5-HT signalling pathway in the CB, and particularly into the role of type II glial cells. This glial pathway is likely to become activated when 5-HT is released from neighbouring chemoreceptor type I cells during chemoexcitation, a situation that is enhanced during exposures to chronic intermittent hypoxia, as occurs during sleep apnoea (Peng et al., 2009; Prabhakar, 2011) .
Furthermore, given that the 5-HT receptors on type II cells can be activated by low, submicromolar concentrations of 5-HT (EC 50 ∼200 nM) (Murali et al., 2017) , this glial pathway might also be involved in other pathological situations, e.g. obesity and insulin resistance, where circulating concentrations of 5-HT are elevated (Crane et al., 2015) .
